41. (New) A recombinant cell transduced with the vector of claim 33. 

42. (New) A recombinant cell transduced with the vector of claim 34. 

43. (New) A recombinant cell transduced with the vector of claim 35. 

44. (New) A recombinant cell trar^tuced with the vector of claim 36. 

45. (New) A recombinant cell transduced with the vector of claim 37. 

46. (New) A recombinant cell transduced with the vector of claim 38. 



REMARKS 

Amendments 

The specification is amended to correct a spelling error in "Myer" and to adopt the 
current National Library of Medicine journal citation nomenclature for Computer Applications in 
the Biosciences and to provide the current name of this journal. The new, revised claims recite 
the protease activity of the subject polypeptides described on p.3, lines 1 1-12; the definition of 
high stringency hybridization conditions described on p.8, lines 15-16 and p.20, lines 25-26; the 
expression vector / operably linked promoter language as described on p.7, lines 1 1-14. These 
amendments introduce no new matter. 

The sequences (SEQ ID NOS:l-4) of the enclosed Sequence Listing are identical to the 
sequences (SEQ ID NOS: 1-4, except that prior SEQ ID NO:2 is now SEQ ID NO:3 and prior 
SEQ ID NO:3 is now SEQ ID NO:2) disclosed in our priority application (60/023,491, filed Aug 
7, 1996 and incorporated by reference in the subject application). The canceled Sequence Listing 
contained several typographical errors introduced when the original SEQ ID NOS were manually 
transcribed for input into Patentln software. 

In adherence with 37 CFR 1.821-1.825, this response is accompanied by a diskette 
containing SEQ ID NOS 01-04 in computer readable form and a paper copy of the sequence 
information. The computer readable Sequence Listing was prepared through the use of the 
software program Tatentln" provided by the Patent and Trademark Office. The sequence 
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information recorded in computer readable form is identical to that of the written sequence listing 
submitted herewith. The sequence data of the enclosed Sequence Listing are all contained in the 
prior application 60/023,491, filed Aug 7, 1996. This submission introduces no new matter. 

3 5U SCI 12, first paragraph (enablement) 

The issue re conservative modifications to SEQ ID NOS:3 (now SEQ ID NO:2) and 4 is 
respectfully traversed. The issue is whether the specification enables one of ordinary skill in the 
art to practice the invention as claimed without undue experimentation. In particular, while the 
Action notes that the specification provides guidance on making conservative amino acid 
substitutions, the Action suggests there is insufficient guidance on where conservative amino 
acid substitutions can be made in the recited SEQ ID NO:2 and 4 without affecting the function 
of the required enzymatic function of the protein. However, one does not need to know, a priori, 
the functional impact of any proposed conservative substitution, for the art provides convenient 
screening methods for confirming retention of the required protease activity. As explained in the 
specification, the required protease activity is readily detected in a number of well-established 
assay formats, e.g. Kato, et al (1992) Proc. Natl Acad Sci. USA, 89:9554-9558, cited at p.2, line 
26; and Ashby and Rine (1995) Methods in Enzymology 230:235, cited at p.13, lines 2-4 (both 
enclosed). Ashby and Rine (supra at p.245), for example, describe a simple, direct 
chromatography assay of protease activity. Hence, for any given conservatively modified 
polypeptide, only a simple biochemical screen is required to confirm retention of the required 
protease activity. This routine screening for retained activity is well-within the bounds of 
experimentation permitted by 35USC1 12, and compares very favorably with that validated by the 
Federal Circuit in In re Wands. 

The issue re conservative modifications to SEQ ID NOS:l and 2 (now SEQ ID NO:3) is 
avoided by canceling this claimed subject matter. 

3 5 USC 1 12, first paragraph (written description) 

The issue re conservative substitutions is avoided by canceling this claimed subject 
matter. The present claims all provide structural and functional limitations for the claimed 
species. As presently claimed, the claimed subject matter is described in such a way as to 
reasonably convey to one skilled in the relevant art that the inventors, at the time the application 
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was filed, had possession of the claimed invention. In its broadest recitation, the claimed 
invention is an expression vector comprising a promoter operably linked to an expressed 
polynucleotide which hybridizes under recited highly stringent conditions (hybridization and 
wash conditions selected to be 5° C lower than the thermal melting point (Tm) for said nucleic 
acid at a defined ionic strength and pH) to a nucleic acid which encodes a recited polypeptide 
which may be conservatively modified and has defined, recited function (mediates the proteolytic 
removal of an AAX tripeptide from a prenylated CAAX protein). 

The claimed genus recites a compound limitation: the gene must hybridize with a nucleic 
acid which in turn must encode a recited polypeptide. Because of the degeneracy of the genetic 
code, there is a virtually unlimited number of nucleic acids which can encode a long polypeptide. 
While only one exemplary coding sequence is explicitly recited for each polypeptide sequence, 
the genetic code equally conveys to those of ordinary skill in the art, that one who conveys 
possession of a recited polypeptide sequence (at least since the elucidation of the genetic code), 
also inherently conveys possession of the genus of polynucleotides encoding such polypeptide. 
Generating other members of the genus involves no more than arbitrarily selecting alternative, 
codons at one or more arbitrary positions. It would impossibly burden the public and to no 
benefit, if an applicant were to recite endless possible coding sequences. 

Similarly with a long nucleic acid, there is a virtually unlimited number of genes which 
will hybridize under stringent conditions. Generating other members of the genus involves no 
more than arbitrarily selecting alternative nucleosides at one or more arbitrary positions, and if a 
substantial number of positions are changed, confirming that the novel gene does in fact still 
hybridize with the recited nucleic acid under the recited stringency. It would again impossibly 
burden the public and to no benefit, if an applicant were to recite endless possible stringently 
hybridizing sequences. 

By reciting a polypeptide sequence in view of the genetic code, applicant was clearly in 
possession of the genus of polynucleotides which encode such sequence. Similarly, by reciting a 
nucleic acid sequence and hybridization conditions, applicant was clearly in possession of the 
genus of polynucleotides which hybridize with such nucleic acid under such conditions. 
Contemplating and producing other members of the genus involves as little as altering a 
nucleoside. Contrast this scenario to that of UC v. Lilly, where the practitioner was instructed to 
go out and clone de novo novel sequences from alternative species. In Lilly, the applicant 
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claimed a genus of every "vertebrate cDNA encoding insulin", while only disclosing the 
corresponding rat cDNA. Isolating other members of the claimed cDNA genus would involve de 
novo cloning from each species, as the claim encompasses sequences which are, or are the same 
as, sequences isolated from a given vertebrate species. The Federal Circuit determined that the 
rat cDNA did not reasonably convey possession of the genus of every vertebrate cDNA. In our 
facts, there is no claim to cDNA, nor any requirement that the practitioner isolate anything from 
nature. Instead, our scenario compares quite favorably with that of antibody claims, such as in In 
re Wands, wherein the practitioner is instructed to make and screen antibodies for binding 
affinity. { 

The issue re a deposit under the Budapest Treaty is avoided by canceling this claimed 
subject matter. 

The issue re SEQ ID NO:l not encoding SEQ ID NO:3 (now SEQ ID NO:2) has been 
avoided with the corrected Sequence Listing. 

The issue re new matter is avoided by canceling this claimed subject matter. 

35USC103(a) 

The art rejections all rely on Rose, M. et al. (GenBank Database, Accession No. Z49617) ? 
which is dated Aug 11, 1997, more than a year after our Aug 7, 1996 priority date, and is hence 
not prior art. The examiner has hand-written on the NCBI printout "Public Availability: 
10/6/95". Upon telephone inquiry, the Examiner indicated that the only support for his hand- 
written comment was a "creation-date" annotation associated with the GenBank entry. However, 
the same annotation continues that the entry was updated on Aug 1 1, 1997. The Examiner 
indicated that the Action is premised on an assumption that the relied upon sequence was 
published on Oct 6, 1995. Such an assumption goes farther than relying on manuscript 
submission dates instead of publication dates - a practice disclaimed by the Office - for with the 
latter, there is no assurance that the information was modified at all. Here, the evidence dictates 
that the entry purportedly created on Aug 11, 1997 is not the same as that created on Oct 6, 1995. 
The Action offers no evidence that the relied upon sequence was presented to GenBank or 
created or published at any time prior to Aug 11, 1997. 

In any event, the entire yeast genome had been largely sequenced prior to the filing of our 
patent application, including the identification of thousands of ORFs which were not even known 
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to encode functional mRNA. Even if these ORFs contained an identical or substantially identical 
sequence, the claimed compositions would be neither anticipated nor obvious. First, even if a 
yeast chromosome sequence is determined (and it appears that a sequence encoding Afclp (SEQ 
ID NO:2) is found on the yeast X chromosome), our claims do not encompass any chromosome. 
Second, our claims require that the coding sequence be operatively joined to a promoter. In the 
absence of any evidence for function, there would be no motivation to select out one of the 
thousands of yeast ORFs of unknown function, isolate what may or may not be a coding 
sequence, and operatively join it to a promoter. 

Absent a prior art suggestion that SEQ ID NO: 1 or 2 (now SEQ ID NO: 3) encodes a 
protein of determined function sufficient to motivate the isolation, cloning and expression of 
such SEQ ID NO using the techniques of the cited Nozaki et al. (US Pat No 4,997,767) and 
Sambrook, J. et al. (Mol. Cloning, Cold Spring Harbor Press, p. 16.3-16.16), the claims are in 
compliance with 35USC102 and 103. 

It has come to our attention that two US patents have recently issued describing human 
variants of the disclosed RCE1 and AFC1 (US Pat Nos.6,1 10,717 and 6,060,277, respectively). 
Both Patents have an earliest claimed priority date of June 24, 1997, nearly a year after ours. 

The Examiner is invited to call the undersigned if he would like to amend the claims to 
clarify the foregoing or seeks further clarification of the claim language. 

Applicants hereby petition for any necessary extension of time pursuant to 37 CFR 
1.136(a). The Commissioner is hereby authorized to charge any fees or credit any overcharges 
relating to this communication to our Deposit Account No. 19-0750 (order no. B96-021-3). 



Respectfully submitted, 

Science & Technology Law Group 




Richard Aron Osman, Ph.D., Reg. No. 36,627 
Tel: (650) 343-4341; Fax: (650)343-4342 



enc. Kato, et al (1992) Proc. Natl Acad. Set USA, 89:9554-9558. 
Ashby and Rine (1995) Methods in Enzymology 230:235. 
Sequence Listing, 9 p. 

CRF containing Sequence Listing (1 diskette) 
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ABSTRACT We have introduced a variety of amino acid 
substitutions into carboxyl-terminal CAjA 2 X sequence (C = 
cysteine; A = aliphatic; X = any amino acid) of the oncogenic 
[ Val 12 ]Ki-Ras4B protein to identify the amino acids that permit 
Ras processing (isoprenylation, proteolysis, and carboxyl 
methylation), membrane association, and transformation in 
cultured mammalian cells. While all substitutions were toler- 
ated at the A] position, substitutions at A 2 and X reduced 
transforming activity. The A 2 residue was important for both 
isoprenylation and A AX proteolysis, whereas the X residue 
dictated the extent and specificity of isoprenoid modification 
only. Differences were observed between Ras processing in 
living cells and farnesylation efficiency in a cell-free system. 
Finally, one farnesylated mutant did not undergo either pro- 
teolysis or carboxyl methylation but still displayed efficient 
membrane association («50%) and transforming activity, in- 
dicating that farnesylation alone can support Ras transforming 
activity. Since both farnesylation and carboxyl methylation are 
critical for yeast a-factor biological activity, the three CAAX- 
signaled modifications may have different contributions to the 
function of different CAAX-containing proteins. 



An association with the plasma membrane is critical for Ras 
transforming activity (1-3), and this association is promoted 
by a series of three closely linked posttranslational modifi- 
cation steps signaled by the consensus carboxyl-terminal 
CAiA 2 X motif (C = cysteine; A = any aliphatic amino acid; 
X = any amino acid) present in all Ras proteins. Addition of 
the 15-carbon farnesyl isoprenoid to the cysteine of the 
CAAX sequence is followed by proteolytic removal of the 
AAX residues and carboxyl methylation of the now terminal 
cysteine residue. Mutant Ras proteins lacking either the 
cysteine or the AAX residues are completely blocked in 
processing and are cytosolic and completely nontransform- 
ing. Posttranslational processing is critical for Ras function, 
but the precise contribution of each of the three CAAX- 
signaled processing steps to Ras membrane association and 
transforming activity remains to be established. 

The enzymes responsible for Ras processing are now 
beginning to be characterized. A cytosolic Ras farnesyltrans- 
ferase activity, identified in both mammalian (4-6) and yeast 
(7, 8) cells, requires recognition of only the CAAX sequence 
to farnesylate the cysteine residue. In contrast to farnesyl- 
transferase, the enzymatic activities for the AAX proteolysis 
(9) and carboxyl methylation (9-12) steps have been detected 
in the membrane component of fractionated cells and tissues. 

In vitro studies with both synthetic peptides and chimeric 
Ras proteins have provided details of the sequence require- 
ments for Ras farnesyltransferase modification. The residue 
at the Ai position can vary, while a much more restricted set 
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of A2 and X residues permits efficient isoprenoid modifica- 
tion (13-15). The X residue also specifies whether the protein 
is modified by a farnesyl or by a geranylgeranyl group (14, 
16-20). 

While in vitro prenylation studies have been important for 
defining the sequence requirements for a functional CAAX 
motif, characterization of all three CAAX-signaled process? 
ing steps under physiological conditions with full-length 
proteins remains to be done. Furthermore, in vivo analyses 
will be important to establish the relationship between each 
CAAX-signaled processing step and Ras transforming activ- 
ity. Therefore, we have used mouse NIH 3T3 cells as an "in 
vivo" system to address the following questions. (/) Does the 
Ras farnesyltransferase show in vivo the same specificity for 
CAAX residues that it does in vitrol (1/) What are the 
sequence requirements for efficient AAX proteolysis and 
carboxyl methylation? (hi) What are the relative contribu- 
tions of the three different CAAX-signaled modifications to 
Ras membrane association and transforming activity? Our 
results identify differences between farnesylation efficiency 
in vitro and Ras processing in vivo, demonstrate a different 
sequence requirement for farnesylation versus AAX prote- 
olysis, and suggest that farnesyl addition alone is sufficient 
for Ras membrane association and transforming activity. 

MATERIALS AND METHODS 

Generation of Ki-Ras4B CAAX Mutant Constructs. For 

these studies, we chose the Ki-Ras4B protein, which does not 
undergo the palmitate modification present in the three other 
human Ras proteins (21, 22), to avoid any complications due 
to differences in palmitoylation efficiency that may occur 
from mutations in the CAAX sequence. Polymerase III 
(Stratagene) or Taq polymerase chain reaction (PCR) DNA 
amplification using mutagenic oligonucleotides of an onco- 
genic [VaI 12 ]Ki-Ras4B cDNA sequence was done to generate 
mutant sequences encoding single amino acid substitutions 
(see Table 1) in the carboxyl-terminal CVIM sequence (res- 
idues 185-188). As characterized previously (22), this Ki-Ras 
cDNA sequence encodes an additional N-terminal 10 resi- 
dues from vector-derived sequences, and the resulting chi- 
meric Ki-Ras4B protein migrates at «24 kDa in an SDS/ 
polyacrylamide gel. This distinct mobility allowed us to 
clearly distinguish both processing and membrane associa- 
tion of the chimeric Ki-Ras4B proteins from that of the 
endogenous Ras proteins. All mutated Ki-Ras4B sequences 
were completely verified by dideoxy sequencing (23) and 
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introduced into the pZIP-NeoS V(x)l retrovirus vector (24) to 
generate pZIP-rasK constructs of each CAAX mutant. 

Cell Culture and Transfection Analysis. NIH 3T3 cells were 
transfected by the calcium phosphate technique (22). To 
determine focus-forming activity, cells were transfected with 
10, 100, or 1000 ng of pZIP-rasK plasmid DNA per 60-mm 
dish, and transformed foci were quantitated after 14-20 days. 
For protein analysis, transfected NIH 3T3 cells were selected 
and established in growth medium containing G418 at 400 
/xg/ml. 

Subcellular Localization and Analysis of Posttranslational 
Processing. To determine the degree of membrane association 
and processing of the different CAAX mutants, G418- 
selected NIH 3T3 cells expressing each mutant [Val 12 ]Ki- 
Ras4B protein were labeled overnight with P 5 S]methionine/ 
cysteine (Tran 35 S-label, ICN) or [5- 3 H]mevaIonolactone 
(-25 Ci/mmol, NEN) at 200 MCi/ml (1 Ci = 37 GBq). 
[5- 3 H]Mevalonolactone is converted to [ 3 H]mevalonate 
(MVA) in vivo. Metabolic labeling was done in the presence 
or absence of 50-100 /tM compactin to inhibit biosynthesis of 
MVA, precursor of isoprenoid groups (25). Fractionation 
analysis was done as described (22). The cytosolic (S100) and 
membrane-containing (P100) fractions were immunoprecipi- 
tated with anti-Ras rat monoclonal antibody Y13-259 (26), 
then resolved by SDS/PAGE (18-cm-long gels), followed by 
fluorography. Carboxyl methylation of [Val 12 ]Ki-Ras4B pro- 
teins was analyzed on Y13-259-immunoprecipitated proteins 
isolated from cells labeled metabolically with L-[methyl- 
3 H]methionine (80 Ci/mmol; NEN) at 200 /xCi/ml (27-29). 
After SDS/PAGE and fluorography, the labeled Ki-Ras4B 
bands were excised and incubated with 1 M NaOH for 24 hr 
at 37°C and the ratio of volatile to stable 3 H cpm was 
quantitated. 

In Vitro Processing Analysis. In vitro translation and pro- 
cessing were done (9) with a pGEM-3Z (Promega) Ki-Ras4B 
construct and T7 RNA polymerase. Nuclease-treated retic- 
ulocyte lysate (Promega) contains Ras farnesyltransferase 
activity as well as MVA and farnesyl pyrophosphate for 
isoprenylation of exogenously added Ras proteins (9). Trans- 
lation reactions were supplemented with 5 mM nonradioac- 
tive MVA (for complete farnesylation) and with microsomal 
membranes (Promega) for efficient A AX proteolysis and 
carboxyl methylation when appropriate. Translations were 
done in the presence of [ 35 S]methionine/cysteine (1 mCi/ml) 
and methionine-free amino acid mix (Promega) to detect 
Ki-Ras4B expression. Translations were done with [ 3 H]MVA 
(1 mCi/ml) or 5-adenosyI-L-methionine (SAM, 1.6 mCi/ml) 
(82 Ci/mmol; NEN) to detect isoprenylation or carboxyl 
methylation, respectively. Additionally, when indicated, 50 
fxM compactin or 2 mM 5-adenosyLL-homocysteine (Sigma) 
was included to prevent farnesylation (25) or carboxyl meth- 
ylation (12), respectively. 

To characterize the individual modification steps, transla- 
tion and processing were done in 50-fi\ reaction volumes with 
the following four conditions: (/) unprocessed — reticulocyte 
lysate alone in the presence of 50 compactin [under these 
conditions, significant Ras isoprenylation (band 2) will still 
occur due to the presence of sufficient endogenous amounts 
of MVA or farnesyl pyrophosphate]; (//) farnesylation only— 
reticulocyte lysate alone supplemented with 5 mM nonradio- 
active MVA; (iVi) farnesylation with proteolytic removal of 
AAX residues — reticulocyte lysate with MVA and microso- 
mal membranes with 5-adenosy (homocysteine; and (iV) full 
processing — reticulocyte lysate with MVA and microsomal 
membranes. After translation and radiolabeling, 10 /il of the 
P 5 S]methionine/cysteine-labeled samples or 25 pi of the 
[ 3 H]MVA- or [ 3 H]SAM-labeled samples was added to high- 
SDS/Tris RIPA buffer (0.05 M Tris, pH 7.0/0.15 M NaCI/ 
0.5% SDS/1% sodium deoxycholate/0.01% Nonidet P-40/1 
mM dithiothreitol/0.1 mM phenylmethylsulfonyl fluoride) 



(total reaction volume 250 /xl), immunoprecipitated with 
Y13-259 antibody, and analyzed by SDS/PAGE (35-mm-long 
gels) followed by fluorography. 

RESULTS 

Nature of the A 2 and X Residues Important for Ras Trans- 
forming Activity. To determine the requirements for a func- 
tional Ras CAiA 2 X sequence, single amino acid substitutions 
were introduced into [Val 12 ]Ki-Ras4B residue 186 (Ai), 187 
(A 2 ), or 188 (X) to generate 22 different mutant proteins 
(Table 1). When the constructs encoding the mutants were 
transfected into NIH 3T3 cells, a range of transforming 
activities, from fully transforming to completely nontrans- 
forming, was observed in focus-formation assays (Table 1). 
Potent transforming activity was retained with all of the 
substitutions at Ai. In contrast, acidic or basic amino acid 
substitutions at either A 2 or X caused drastic reductions in, 
or loss of, transforming activity. In general, a good correla- 
tion was observed between the relative amount of Ki-Ras4B 
protein present in the crude membrane (versus cytosol) 
fraction and the transforming activities of the different mu- 
tant proteins (Table 1). 

Differential Ki-Ras4B Processing Results in Three Distinct 
Electrophoretic Species. We next wanted to determine which 

Table 1. Transforming activity, membrane association, and 
processing of Ki-Ras4B CAAX mutants 





Substitution 




Transforming 
activity* 


Membrane 




c 


Ai 


A 2 


X 


association^ 


Processing* 


C 


V 


I 


M 


1.00 


-f -f + + 


3 


s 


V 


I 


M 


0.00 




1 


c 








0.00 




1 


C 


D 


I 


M 


1.09 


+ + + + 


3 


C 


c 


I 


M 


1.01 


+ + + + 


3 


c 


G 


I 


M 


1.11 


+ + + 


1, 3§ 


c 


Y 


I 


M 


0.80 


+ + + + 


3 


c 


V 


D 


M 


0.00 




1 


C 


V 


C 


M 


1.10 


+ + + + 


3 


C 


V 


G 


M 


0.08 


+ 


1, 2 


C 


V 


Y 


M 


0.55 


+ + 


1,2 


C 


V 


K 


M 


0.00 




1 


C 


V 


I 


D 


0.32 




1, 3 


C 


V 


I 


c 


0.85 


+ + + + 


3 


C 


V 


1 


G 


0.89 


+ + + + 


3§ 


C 


V 


I 


Y 


0.68 


+ + + + 


3§ 


C 


V 


I 


K 


0.00 




1 


C 


V 


I 


R 


0.00 




1 


c 


V 


I 


E 


0.04 


+ + 


1, 3 


c 


V 


I 


S 


1.27 


+ + + + 


3 


c 


V 


I 


N 


1.19 


+ + + + 


3 


c 


V 


I 


T 


1.04 


+ + + + 


3 


c 


V 


I 


Q 


0.79 


+ + + + 


3 


c 


V 


I 


L 


0.96 


+ + + + 


3 


c 


V 


I 


F 


0.82 


+ + + + 


3 



♦Relative focus-forming activity in NIH 3T3 cells. Values were 
normalized to the focus-forming activity of [Val 12 ]Ki-Ras4B (4.2 x 
10 3 foci per /ig of DNA) and represent the average of three to five 
independent assays. 

^Quantitation of the fraction of Ki-Ras4B protein present in the 
particulate (P) versus soluble (S) fraction after fractionation and 
SDS/PAGE analysis: + + + + , >90%; + + + , 60-90%; + + , 30- 
60%; +, 5-30%; <5% (based on visual determination of at least 
two independent fractionation experiments). 

*Electrophoretic species of Ki-Ras4B protein detected on SDS/ 
PAGE: Band 1, unprocessed; band 2, partially processed (isopren- 
ylated only); band 3, complete (isoprenylated and carboxyl meth- 
ylated) (see Fig. 1). 

^Complete at 16 hr, but incomplete at 15 min [wild-type (CVIM) 
protein is completely processed after 15 min]. 
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specific processing steps were critical for Ki-Ras4B mem- 
brane association and transforming activity. Our initial anal- 
yses of the expression of Ki-Ras4B CAAX mutant proteins in 
NIH 3T3 cells identified a variety of electrophoretic profiles 
on SDS/PAGE, with each CAAX mutant expressing various 
amounts of three species of distinct electrophoretic mobility. 
To determine whether these three species corresponded to 
differentially processed forms of Ki-Ras4B, we analyzed the 
posttranslational modifications corresponding to each elec- 
trophoretic species by using an in vitro reticulocyte lysate 
system supplemented with microsomal membranes (9). 

Using the four conditions described in Materials and 
Methods , we were able to isolate each posttranslational 
processing step in vitro (Fig. 1). The three electrophoretic 
species of Ki-Ras4B are the unprocessed protein (band 1); the 
partially processed forms, which are farnesylated only, or 
farnesylated and proteolyzed (band 2); and the completely 
processed, farnesylated, proteolyzed, and carboxyl- 
methylated protein (band 3). Thus, the modifications of 
farnesylation and carboxyl methylation, but not proteolysis, 
account for the altered electrophoretic mobility of the fully 
processed Ki-Ras4B. The three species detected in vitro 
corresponded to the three electrophoretic species expressed 
in NIH 3T3 cells (data not shown). Although band 2 can 
represent either the farnesylated or the farnesylated and 
proteolyzed form of Ki-Ras4B in vitro, since proteolytic 
removal of the AAX residues of all mutants generates the 
same carboxyl-terminal farnesylcysteine substrate for car- 
boxyl methylation in vivo, the band 2 species detected in vivo 
is believed to represent only the farnesylated form. 

Differential Amino Acid Tolerance of the Ai, A 2 , and X 
Positions for Processing in Vivo, To compare the ability of the 
Ai, A2, and X residues to signal processing, the same amino 
acid substitutions were introduced into each position and 
processing was characterized in transfected NIH 3T3 cells. 
Like the wild-type protein, mutant proteins with cysteine 
substitutions at each position underwent complete process- 
ing, with no band 1 or 2 detected (Table 1). However, the 
introduction of aspartic or tyrosine residues had different 
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Fig. 1. Isoprenylation and carboxyl methylation account for the 
altered electrophoretic mobility of processed Ki-Ras4B protein. 
Translation and processing of Ki-Ras4B protein were done in rabbit 
reticulocyte lysates under the indicated conditions (see Materials 
and Methods). Radiolabeled samples were then immunoprecipitated 
with Y 13-259 anti-Ras antibody and analyzed by SDS/PAGE using 
35-cm-longgels to increase the resolution of the three electrophoretic 
forms of Ki-Ras4B: band 1, unprocessed protein; band 2, farnesy- 
lated protein, or farnesylated and proteolyzed protein; band 3, fully 
processed, farnesylated, proteolytically cleaved, and carboxyl- 
methylated protein. The read-through products of proteins initiated 
from the internal (authentic) ATG start site of the Ki-Ras4B coding 
sequence are designated by the bracket and star. The internally 
initiated protein undergoes the same modifications as the chimeric 
Ki-Ras4B; thus the amino-terminal leader sequence present on these 
mutants does not alter processing. Samples in A and B are from two 
separate experiments. 
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Fig. 2. Substitutions at A2 and X, but not Ai, perturb processing 
and membrane association. NIH 3T3 cells expressing wild-type (WT) 
or mutant protein were metabolically labeled with P 5 S]methionine/ 
cysteine (200 /tCi/ml) for 18 nr. The cell lysate was then separated 
into crude soluble (S) and particulate (P) fractions. Labeled proteins 
were immunoprecipitated from each fraction with the Y 13-259 anti- 
Ras monoclonal antibody, resolved by SDS/PAGE, and detected by 
fluorography. Arrows designate the three electrophoretic forms of 
Ki-Ras4B as described in Fig. 1. Additional bands detected in the 
21-kDa region represent either Ki-Ras4B protein expressed from the 
authentic ATG start site of Ki-Ras4B in the chimeric constructs (*) 
or endogenous Ras proteins (►). 

consequences for the three AAX positions. While neither 
substitution perturbed processing when made at the Ai 
position (186D and 186Y) (Fig. 2, lanes c, d, i, and j), both 
impaired processing significantly when made at A 2 (187D and 
187Y) (lanes e, f, k, and 1). The 187D protein expressed in vivo 
was localized exclusively in the cytosol, and its mobility 
corresponded solely to that of the unprocessed protein (band 
1) (lanes e and f). In contrast, the same substitution at X 
(188D) resulted in two electrophoretic species (lanes g and h). 
The major species was the unprocessed, cytosolic protein 
(band 1), while the second species corresponded to the fully 
processed, membrane-associated protein (band 3). A tyro- 
sine substitution resulted in a partially processed protein 
when made at the A 2 position (band 2), but a fully processed 
protein (band 3) when introduced at X (lanes i-n). Both 
aspartic acid (187D) and lysine (187K) substitutions at A 2 , as 
well as lysine (188K) and arginine (188R) substitutions at X, 
completely abolished processing (band 1), whereas the 188E 
protein was only partially processed (bands 1 and 3; data not 
shown). These data demonstrate that the amino acid require- 
ments for a functional CAAX motif are not stringent for the 
Ai residue, are most stringent for the A 2 residue, and are also 
restrictive for the X position. 

The A 2 Residue Influences Both Farnesylation and Proteol- 
ysis, Whereas the X Residue Influences the Rate and Specificity 
of Isoprenylation Only. While certain amino acid substitutions 
at both the A 2 and X positions prevented complete posttrans- 
lational processing, the nature of the defect in processing was 
distinctly different at each position. For example, the mutant 
protein with a glycine at A 2 (187G) was expressed predom- 
inantly as unprocessed protein (band 1), with a minor amount 
of farnesylated protein (band 2); no fully processed protein 
was detected (Fig. 3A, lanes c and d). Similarly, the A 2 
tyrosine mutant (187Y) was efficiently farnesylated (band 2), 
but was not further processed to the mature form (band 3) 
(lanes e and 0- The band 2 forms of both 187G and 187Y 
proteins were radiolabeled with [ 3 H]MVA, and «*50% of the 
farnesylated species was present in the membrane fraction 
(Fig. 3B, lanes c-f). Further analysis of both mutant proteins 
(band 2) showed an absence of methylation, as measured by 
the ratio of volatile to stable counts derived from [methyl- 
3 H]methionine t when compared with the fully processed 
Ki-Ras4B protein (data not shown). Thus, farnesylation 
alone was sufficient to promote significant Ki-Ras4B mem- 
brane association. 
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Fig. 3. Mutations at A2 perturb both farnesylation and proteo- 
lytic removal of A AX, whereas mutations at X perturb only farne- 
sylation. Cells expressing wild-type (WT) or mutant Ki-Ras4B pro- 
teins were labeled metabolically with either p 5 S]methionine/ 
cysteine (A) or [ 3 H]MVA (if), separated into soluble (S) and 
particulate (P) fractions, and resolved by SDS/PAGE. Labeled 
proteins were detected by fluorography. Arrows designate the three 
electrophoretic forms of Ki-Ras4B as described in Fig. 1. The 
internally initiated (★) or endogenous (►) Ras proteins are designated 
as described in Fig. 2. 

In contrast to the partially processed band 2 profiles of the 
A 2 mutant proteins, partially processed X-position mutants 
(188D and 188E) displayed different profiles consisting of two 
forms (Fig. 3A, lanes g-j), one of which corresponded to the 
unprocessed, cytosohc protein (band 1), but the other of 
which corresponded to the fully processed, membrane- 
associated protein (band 3). Thus, these substitutions per- 
turbed only the rate or degree of farnesylation, but the 
farnesylated form was then completely processed to the 
mature form. Finally, pulse-chase analysis (data not shown) 
showed that some X substitutions (e.g., 188G and 188Y) 
perturbed the rate but not the steady-state degree of pro- 
cessing (Table 1). Therefore, the sequence requirements for 
farnesylation and proteolysis are clearly different, with the X 
residue influencing primarily the farnesylation step whereas 
the A 2 residue is important for both efficient farnesylation 
and AAX proteolysis. 

Under the metabolic labeling conditions used in these 
studies, while proteins expected to be modified by a farnesyl 
isoprenoid were labeled efficiently by [ 3 H]MVA, proteins 
expected to be modified by a geranylgeranyl group were very 
poorly labeled (20, 29). The poor labeling of geranylgeranyl- 
modified proteins is believed to reflect not the degree of 
isoprenoid modification but rather the significantly lower 
specific activity of the geranylgeranyl pyrophosphate versus 
farnesyl pyrophosphate pools generated in vivo during our 
16-18 hr labeling. A comparison of the degree of radiolabel- 
ing of the farnesylated wild-type Ki-Ras4B protein and the 
geranylgeranyl-modified 188L protein provides a striking 
example of this differential radiolabeling. Metabolic labeling 
with [ 35 S]methionine/cysteine indicated that the two proteins 
were expressed at comparable levels and were converted 
predominantly to the fully processed form (Fig. 4, lanes a-d). 
However, parallel cultures labeled with PH]MVA showed 
incorporation into the wild-type protein that was readily 
detectable after a 3-day autoradiographic exposure, whereas 
no'pHJMVA incorporation was detected in the 188L mutant 
(lanes g and h). While the endogenous Ras proteins were 
efficiently labeled with [ 3 H]MVA, a faint band of the 188L 
Ki-Ras4B mutant was detected only after an 11-week auto- 
radiographic exposure (compare lanes j and k). We have 
observed that, like leucine, the substitution of glycine (lanes 
i and 1), threonine, phenylalanine, tyrosine, and asparagine 
(data not shown) at the X position also resulted in fully 
processed, membrane-associated proteins that displayed 
very weak metabolic labeling by [ 3 H]MVA. By contrast, 
mutant proteins with the X substitutions of cysteine, serine, 
and glutamine all underwent complete processing and exhib- 
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Fig. 4. Differential metabolic labeling with [ 3 H]MVA of X-po- 
sition mutant proteins. Cells expressing wild-type Ki-Ras4B (lanes a, 
b, g, and j) or the 188L (lanes c, d, h, and k) or 188G (lanes e, f, i, 
and I) mutant were labeled metabolically with either p 3 S]methio- 
nine/cysteine (lanes a-f) or pHJMVA (lanes g-1) and processed as 
described in Fig. 2. All lanes represent 3-day autoradiographic 
exposures, except lanes j, k, and 1, which were 11-week exposures. 
Arrow indicates the location of the fully processed Ki-Ras4B. 
Internally initiated (★) or endogenous (►) Ras proteins are designated 
as in Fig. 2. Note that the internally initiated forms of the 188L and 
188G mutants are also poorly labeled with [ 3 H]MVA. 

ited efficient metabolic labeling with pHJMVA (data not 
shown). Thus, it is likely that proteins with the latter substi- 
tutions retain modification by farnesylation, while proteins 
with the former substitutions are altered in their isoprenoid 
specificity and are modified instead by a geranylgeranyl 
isoprenoid. 

DISCUSSION 

Our data on the processing in vivo of 22 Ki-Ras4B CAAX 
mutants are generally consistent with farnesylation results in 
vitro but also identify several important differences. As in 
vitro, we observed that the Ai position was more tolerant 
than the A2 position for a variety of amino acid substitutions. 
Basic and aromatic residues were tolerated at Ai but not at 
A 2 . Substitutions at Ai and A2 were found to influence 
prenylation efficiency but not specificity. Substitutions at X 
influenced the efficiency and specificity (farnesylation versus 
geranylgeranylation) of isoprenoid addition. Overall, our 
observations in vivo, together with results from studies in 
vitro, suggest that the Ai and A 2 positions do not require 
aliphatic amino acids. Therefore, the CAAX motif should 
more appropriately be referred to as a CXXX motif. 

One significant difference between farnesylation efficiency 
in vitro and isoprenylation and transforming activity in vivo 
was observed with aromatic substitutions at the A2 position. 
A recent study (15) determined that CAAX tetrapeptide 
sequences with aromatic amino acids at the A 2 position were 
potent inhibitors of, but not substrates for, Ras farnesyltrans- 
ferase activity in vitro. Such peptides represent good candi- 
dates for inhibitors of Ras farnesyltransferase because they 
would not be modified and inactivated by farnesylation. 
However, we found that a Ki-Ras4B CAAX mutant protein 
terminating in CVYM (187Y) did undergo efficient isopreny- 
lation (>95%) when expressed in NIH 3T3 cells. These 
results suggest the possibility that an additional Ras farne- 
syltransferase(s) other than the presently identified activity 
may exist. Alternatively, they may reflect the possibility that 
the activities of Ras farnesyltransferase may not be identical 
in vitro and in vivo or may differ with tetrapeptides versus 
intact full-length proteins. 

We observed that all mutant Ki-Ras4B proteins with X 
residues that should allow efficient farnesyl modification as 
predicted in vivo (i.e., where X = S, C, Q, or M) exhibited 
potent transforming activities. However, the effect on trans- 
forming activity of a few X-position substitutions did not 
reflect farnesylation efficiency in vitro. For example, CAAX 
peptides terminating in either leucine or phenylalanine were 
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neither effective inhibitors of nor substrates for Ras farne- 
sylation in vitro (13-15, 17) but, instead, were efficiently 
geranylgeranylated (14, 16, 18-20). We observed that Ki- 
Ras4B mutant proteins in which X = L or F retained full 
transforming activity (0.82-0.96 relative focus-forming ac- 
tivity). One explanation for the apparent discrepancy be- 
tween the in vitro farnesylation results and the transforming 
activity of these mutants is that, although they are not 
farnesylated, they are geranylgeranylated in vivo, and Ras 
transforming activity can be facilitated by either isoprenoid. 
Consistent with this possibility, Ras transforming activity can 
be promoted equally by either farnesylation or geranylgeran- 
ylation (20, 30). Thus, CAAX sequences with X-position 
residues that are able to signal efficient isoprenoid modifi- 
cation, independent of whether a farnesyl or geranylgeranyl 
moiety is added, would be expected to exhibit strong trans- 
forming activity. 

Substitution of tyrosine at A 2 (187Y) resulted in a significant 
impairment of the AAX proteolysis and carboxyl methylation 
steps, without abolishing farnesylation. The efficient mem- 
brane association (=50%) and transforming activity (0.55 
relative focus-forming activity) of the 187Y mutant protein 
suggests that isoprenoid modification alone is sufficient for 
oncogenic Ras function. These results are consistent with the 
observation that carboxyl methylation, although important, is 
not essential for the membrane association or function of yeast 
RAS2 (31). Thus, pharmacologic inhibitors of farnesylation, 
but not of proteolysis or carboxyl methylation, are likely to be 
effective for blocking oncogenic Ras function in tumors. These 
results contrast with the observations that both farnesylation 
and carboxyl methylation are critical for the biological activity 
of yeast a-type mating factor (32-34). Thus, the importance of 
isoprenylation, proteolysis, and carboxyl methylation for pro- 
tein function is likely to be different for each protein that 
undergoes CAAX-signaled modifications. 

While both the A 2 and X positions showed similar intol- 
erance to amino acid substitutions with respect to effect on 
transforming activity, the consequences of M and X residue 
substitutions for processing were distinctly different. Substi- 
tutions at X perturbed isoprenylation but not AAX proteol- 
ysis. In contrast, substitutions at A 2 perturbed both isopren- 
ylation and AAX proteolysis. Thus, the sequence require- 
ments to signal these two modifications are clearly different. 

Recent studies in vitro have begun to establish the se- 
quence requirements for a functional CAAX motif for iso- 
prenoid modification. The in vivo studies described here 
provide further characterization of the sequence require- 
ments for the CAAX motif to signal isoprenylation and AAX 
proteolysis. The differences that we have observed between 
Ras processing in living cells and farnesylation in a cell-free 
system demonstrate the importance of evaluating the activity 
of prenyltransferases under physiological conditions. The 
generation of partially processed Ras proteins has allowed us 
to begin to distinguish the role of each modification in 
facilitating Ras membrane association and transforming ac- 
tivity. Further studies will be required to determine the 
precise contribution of each CAAX-signaled processing step 
to the biological function of Ras proteins and to determine 
whether these contributions are the same for isoprenylated 
proteins such as additional members of the Ras superfamily, 
the nuclear lamins, and the y subunits of heterotrimeric 
guanine nucleotide-binding proteins (3). 
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